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Summary
• The equilibrium state of the ocean-atmosphere system has been perturbed these last few decades with the 
ocean becoming a source of oxygen for the atmosphere even though its oxygen inventory is only ~0.6% of that 
of the atmosphere. Different analyses conclude that the global ocean oxygen content has decreased by 1-2% 
since the middle of the 20th century. Global warming is expected to have contributed to this decrease, directly 
because the solubility of oxygen in warmer waters decreases, and indirectly through changes in the physical 
and biogeochemical dynamics. 
• Since the middle of the 20th century, the increased river export of nitrogen and phosphorus has resulted 
in eutrophication in coastal areas world-wide. Eutrophication implies huge oxygen consumption, and when 
combined with a low ventilation, often due to vertical stratification, this leads to the occurrence of oxygen 
deficiencies near the sea bed. The number of reported sites affected by low oxygen conditions (>500) has 
dramatically increased in the last few decades. Climate warming is expected to exacerbate the decrease of 
oxygen by reducing the ventilation and extending the stratification period. 
• The volume of anoxic zones has expanded since 1960 altering biogeochemical pathways by allowing 
processes that consume fixed nitrogen and release phosphate and iron, and possibly nitrous oxide (N2O). The 
relatively small inventory of essential elements, like nitrogen and phosphorus, makes such alterations capable 
of perturbing the chemical composition equilibrium of the ocean. Positive feedback loops (e.g. remobilization 
of phosphorus and iron from sediment particles) may speed up the run away from this equilibrium in ways that 
we hardly know or understand.  
• Deoxygenation affects many aspects of the ecosystem services provided by the ocean and coastal waters. 
For example, deoxygenation effects on fisheries include low oxygen affecting populations through reduced 
recruitment and population abundance, and also through altered spatial distributions of the harvested species 
causing changes in the dynamics of the fishing vessels.  This can lead to changes in the profitability of the 
fisheries and can affect the interpretation of the monitoring data leading to misinformed management advice.
• Model simulations for the end of this century project a decrease of oxygen in the high and low emission 
scenarios, while the projections of river exports to the coastal ocean indicate that eutrophication will likely 
continue in many regions of the world. Warming is expected to further amplify the deoxygenation issue in 
coastal areas influenced by eutrophication by strengthening and extending the stratification.
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Effects of low oxygen conditions Potential Consequences
Reduction of the habitat available for 
pelagic, mesopelagic, and benthic 
organisms.
• Reduced growth and reproduction of aerobically-respiring organisms in 
regions with very low oxygen levels.
• In extreme cases and for non-mobile species, low-O2 induced mortality.
• Cascading effects and alteration of the foodweb structure including the 
diversion of organic matter flow to low oxygen tolerant species like microbes.
• In extreme cases, oxygen can become completely depleted and the waters 
become anoxic and even euxinic, in which only anaerobically respiring 
microbes can survive.
Reduction in the abundance and 
recruitment of fish populations.
• Alterations in the spatial distribution of harvested species.
• Accumulation of species in well-oxygenated waters; these species may 
become more vulnerable to fishers targeting these high oxygen refuge areas.
• Changes in the dynamics of the fishing vessels and in the profitability of the 
fisheries.
• Affect the interpretation of the monitoring data leading to misinformed 
management advice.
Expansion of the volume of anoxic zones 
since 1960.
• Alteration of biogeochemical pathways of essential elements like nitrogen, 
phosphorus and iron.
• Modification of the fixed nitrogen budget, with enhanced nitrogen fixation and 
denitrification but the balance of the two is not yet known. 
• Release of phosphate and iron from sediment particles and possibly nitrous 
oxide (N2O).
• Positive feedback loops may speed up the run away from equilibrium.
Challenges in model development and 
observation quality. 
• Model development needs new observations and dedicated experiments (e. 
g. definition of critical thresholds for biogeochemistry and living species).
• Model uncertainty. 
• Requirement for specific sensors for measuring ultra low oxygen conditions 
(at nM scale). 
1.1  Introduction 
During the Earth’s history, the ocean has evolved 
through various oxidation states. The ocean was largely 
anoxic 3.85 billion years ago, mildly oxygenated in its 
upper layer up to 0.54 billion years ago and, finally, quite 
well oxygenated in its present state (Holland, 2006). 
Evidence is mounting that oxygen is declining in the 
modern ocean. Estimates are for a 1-2% decrease (i.e. 
2.4-4.8 Pmol or 77-145 billion tons) of the global oxygen 
inventory since the middle of the last century (e.g. Bopp 
et al., 2013; Schmidtko et al., 2017). This results in 
modifications of the equilibrium state of the ocean-
atmosphere coupled system with the ocean recently 
becoming a source of oxygen for the atmosphere. 
Regions with historically very low oxygen concentrations 
are expanding and new regions are now exhibiting low 
oxygen conditions. Schmidtko et al. (2017) estimate that 
the volume of anoxic waters worldwide has quadrupled 
since 1960.  
While the importance of the different mechanisms 
responsible for the loss of the ocean oxygen content is 
uncertain, global warming is expected to contribute to 
this decrease, directly because the solubility of oxygen 
in warmer waters decreases, and indirectly through 
changes in ocean dynamics that reduce ocean ventilation. 
Today’s processes are reminiscent of those thought to 
have promoted the occurrence of oceanic anoxic events 
(OAEs) that occurred episodically during the past several 
hundred million years and that led to major extinction 
events (Holland, 2006; Watson, 2016). While a full-scale 
OAE would take thousands of years to develop, the small 
oxygen inventory of the ocean (i.e. the oxygen inventory 
of the ocean is only ~0.6% of that of the atmosphere) 
makes it particularly sensitive to perturbations of its 
equilibrium oxidative state. The consequences of such 
perturbations on the biogeochemistry and ecosystem 
state are not well known. 
The deoxygenation process is also affecting the estuary-
coastal ocean continuum (referred as the coastal ocean 
throughout the following). The global increase of the 
nutrients exported by rivers from the land to the ocean 
and the resulting development of eutrophication in 
many hundreds of sites around the world has promoted 
algal productivity and the resulting over-consumption 
of oxygen in the bottom layer that is effectively isolated 
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the oxygen in the surface waters. Climate warming is 
expected to worsen the situation by further reducing the 
ventilation of bottom waters. 
Deoxygenation in the global and coastal ocean will 
reduce the habitat available for pelagic, mesopelagic, 
and benthic organisms. In some regions, the oxygen 
level is so low that aerobically-respiring organisms can 
exhibit reduced growth and reproduction and, in extreme 
cases and for non-mobile species, experience low-O2 
induced mortality. The effects on individuals exposed to 
low oxygen can cascade and result in altered foodweb 
structure, including the diversion of organic matter flow 
to low oxygen tolerant species like microbes. In the 
case of anoxia and the eventual occurrence of sulphidic 
conditions, only anaerobically respiring microbes can 
survive. While the impact of low oxygen conditions on 
individual organisms can be investigated in laboratory 
experiments, the impact at the scale of the ecosystem, 
as well as on the goods and services delivered to 
humans, rely on field data and modelling and are more 
uncertain. 
The transition towards anoxic conditions also affects 
important microbial and chemical processes governing 
the biogeochemical cycling of essential elements like 
nitrogen (N), phosphorus (P) and iron (Fe). Anoxic 
conditions halt nitrification and aerobic respiration and 
activate denitrification and the anaerobic ammonium 
oxidation (anammox) leading to a net loss of fixed 
nitrogen.  On the other hand, nitrogen fixation is expected 
to be stimulated in waters with an excess of phosphorus 
over nitrogen; whether this can compensate for the loss 
of fixed nitrogen due to denitrification and anammox is 
uncertain.
The chemical composition of the ocean can be 
considered as fairly stable for the past several hundred 
millions of years (Watson et al., 2017), but the relatively 
small inventory of essential chemical elements (e.g. 
fixed N and P) makes them sensitive to relatively 
small perturbations. Perturbations of biogeochemical 
cycling of the order of those caused by deoxygenation 
have the potential to have significant effects on the 
biogeochemistry and resulting chemical composition 
on relatively short time scales of several thousands of 
years. Positive feedback loops like the remobilization 
of phosphorus and iron from sediment particles in low 
oxygen conditions can further accelerate the process 
by then stimulating primary production. In the geological 
past, perturbations of the phosphorus cycle drove 
the system away from equilibrium and promoted the 
occurrence of OAEs (Watson et al., 2017).
Model projections of the oxygen content of the ocean 
for the end of the 21st  century show a decrease 
of oxygen under all current emission scenarios. 
Projections of river nutrients exports to the coastal 
ocean indicate that eutrophication will likely continue 
in many regions of the world and will be further 
amplified by warming acting to strengthen and extend 
stratification (Seitzinger et al., 2010).
1.2  Description of deoxygenation 
The dynamics of oxygen in the ocean are governed by 
physical and biogeochemical processes. The ocean 
gains oxygen in the upper layer due to photosynthesis by 
autotrophic organisms and oxygen from the atmosphere 
dissolving in the under-saturated waters. Conversely, 
the ocean loses oxygen throughout the whole water 
column: at the surface, due to the outgassing of oxygen 
to the atmosphere in over-saturated waters, and from 
the surface to depths due to the respiration of aerobic 
organisms and oxidation of reduced chemical species. 
Evidence suggests that the global ocean oxygen 
inventory has been perturbed since the middle of 
the last century (Figure 1.1). We can assume that the 
oxygen produced by photosynthesis (i.e. net primary 
production) in the upper layer is roughly consumed by 
respiration within the water column, except for a small 
production of 0.002 Pmol O2 yr
-1 that corresponds to 
burial (Wallmann, 2000).  An  oxygen loss ranging from 
0.048 Pmol O2 yr
-1 (Manning & Keeling, 2006) to  0.096 
Pmol  O2 yr
-1 (Schmidtko et al., 2017) results from a 
modification of the balance in the atmosphere-ocean 
fluxes with a decreasing influx from the atmosphere 
to the ocean and an increasing outflux from the ocean 
(e.g. Bopp et al., 2002; Frölicher et al., 2009). The lack 
of observations with sufficient resolution of sampling in 
space and time limits the rigour of our oxygen budget 
for the coastal zone.
1.2.1  Ventilation mechanisms 
The surface mixed layer is well oxygenated in most 
of the ocean by photosynthesis and dissolution of 
atmospheric oxygen. But below the sunlit surface layer, 
there is no photosynthesis, so that the renewal of the 
oxygen consumed requires the existence of a physical 
mechanism that transports well-oxygenated waters 
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to the low oxygen waters. This mechanism, called 
ocean ventilation, is responsible for the oxygenation 
of deep and intermediate ocean waters and modifies 
the spatial distribution of oxygen within the ocean. The 
intensity of ocean ventilation strongly varies vertically 
and horizontally and over time. In the coastal ocean, 
ventilation of bottom waters results from advection from 
offshore, and mixing processes from surface cooling 
and wind mixing and in some areas tidal action and 
flushing events from the rivers.   
In the global ocean the main ventilation mechanisms 
and pathways are as follows:
• Waters of a given density, an isopycnal, within 
the permanent thermocline (i.e. layer of significant 
temperature gradient) of the subtropical gyres 
are ventilated at the latitude where that isopycnal 
intersects the base of the surface mixed layer 
during the winter. At the end of each winter, waters 
near the base of the mixed layer subduct into the 
ocean interior, and then begin to slowly diffuse 
equatorward. This ventilation process is particularly 
intense at the high latitude end of the subtropical 
gyres, where subtropical mode water (STMW) 
is formed (Figure 1.2). This process ventilates 
subtropical gyres to depths of about 500 to 900 m. 
• In the Southern Ocean, a surface convergence 
zone between about 50°S and 60°S causes 
local water to sink and the formation of Antarctic 
Intermediate Water (AAIW) which ventilates water 
depths between about 700 and 1200 m. The 
Southern Ocean is also home to the formation of 
the densest waters of the world ocean, Antarctic 
Bottom Waters (AABW), formed in areas of intense 
sea ice freezing and brine rejection around the 
continent of Antarctica. These waters sink all the 
way to the bottom of the three major ocean basins 
and propagate northward (Figure 1.2).
• In the northern hemisphere, ventilation processes 
vary quite a lot between the major ocean basins. 
In the North Atlantic, to the north of the Denmark-
Faroe-Shetland ridge, deep convection in the 
Greenland-Iceland-Norwegian Sea (GINSEA) is 
Figure 1.1  Tentative oxygen budget for the Ocean-Atmosphere system for the period 1960-2014. The stocks are in Pmol (for the Ocean from Schmidtko et al. 
(2017); for the atmosphere from Keeling et al. (1993)) while the fluxes are in Pmol O2 yr
-1. 
Globally the amount of oxygen produced by photosynthesis (estimated as the Net Primary Production, NPP from Bopp et al. (2013)) is compensated by the 
amount respired for the degradation except for a small burial that results in a net production of oxygen of 0.002 Pmol O2 yr
-1.  The net air-sea oxygen flux 
is directed to the atmosphere and its range has been estimated from (lower value) Manning and Keeling (2006) (for 1993-2003) and (higher value) from 
Schmidtko et al. (2017) (for the last 50 years).
For the atmosphere, the oxygen consumed by the combustion of fuels and industry, land-use change as well as the net oxygen produced by the biosphere 
has been computed using the averaged estimates (over 1960-2014) from the global carbon project (Le Quéré et al., 2015) using the O2:C ratios from Keeling 
and Manning (2014).
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the source of Denmark Strait Overflow Water 
(DSOW) that spills over the Denmark Strait sill 
(625 m deep) and then descends to the bottom 
of the North Atlantic. Some of this dense water 
also flows northward and propagates towards the 
Arctic Ocean. The Labrador Sea, and to a lesser 
extent the Irminger Sea, is another important site 
of deep-water formation in the North Atlantic, with 
convection events reaching up to 2000 m depth. 
This leads to the formation of North Atlantic Deep 
Water (NADW) which then propagates southward. 
The ultimate fate of NADW is to either i) upwell 
into a surface divergence zone of the Antarctic 
Circumpolar Current; ii) ventilate the Indian Ocean; 
or iii) ventilate the Pacific Ocean (Figure 1.2). 
• During the very long journey from its formation 
region in the northern North Atlantic, NADW 
remains isolated from the atmosphere and its 
oxygen content becomes progressively lower as 
it gets further away from its source region. In the 
Indian and Pacific Oceans, a mixture of NADW and 
predominantly AABW (Johnson, 2008) propagates 
northwards. No deep-water formation takes place 
in the Pacific and Indian Oceans, so that they are 
less well ventilated than the North Atlantic (Figure 
1.2) and have lower oxygen content. The formation 
of North Pacific Intermediate Water (NPIW) in the 
mixed water region of the Oyashio (i.e. cold current 
flowing south-westward from Kamchatka to Japan) 
and Kuroshio (i.e. warm current flowing northward 
from Taiwan to Japan) ventilates the upper 300 
to 700 metres of the North Pacific subpolar gyre 
(Talley, 1993).
Projections from Earth System Models that simulate 
global warming from rising CO2 levels indicate that 
ventilation processes will likely become more sluggish 
in the next decades (Bopp et al., 2013). An analysis of 
oxygen data from the global ocean tentatively suggests 
that such reduced ventilation may already be underway 
(Schmidtko et al., 2017). But large interdecadal 
variability is present, causing us to remain prudent in 
this conclusion. For instance, records preserved in the 
sediments underlying Oxygen Minimum Zones (OMZs) 
show that the rate of ventilation changes on multiple 
time scales. Climatic phenomena like El Niño, the Pacific 
Decadal Oscillation (PDO) and Ice Ages all change the 
rate at which the deep ocean gets replenished with 
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Figure 1.2  Meridionally averaged view of ventilation in the global ocean.  STMW: Subtropical Mode Water, AABW: Antarctic Bottom Waters, AAIW: Antarctic 
Intermediate Waters, DSOW: Denmark Strait Overflow Water, NADW: North Atlantic Deep Water, NPIW: North Pacific Intermediate Waters,  LABSEA: Labrador 
Sea, GINSEA: Greenland-Iceland-Norwegian Sea.
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oxygen. In the north Pacific Ocean, Deutsch et al. 
(2014) have found that the variability over the last 150 
years of the extent of the anoxic zone responds to the 
variability of the trade winds intensity that impacts on the 
thermocline depth and hence on the level of respiration 
(i.e. a shallower thermocline is expected to be associated 
to higher reparation rates).  For most of the 20th century 
up to 1990, they found that the thermocline depth 
increased in answer to the weakening of the intensity of 
the tropical trade winds and this reduced the respiration 
demand and anoxia extent. The long-term variability 
of the extent of OMZ and, in particular of their anoxic 
part, results from the interplay of wind-driven and 
stratification-driven effects but the relative influence of 
these effects is not yet known (Deutsch et al., 2014). 
During the last glacial termination (from 20 000 to 10 000 
BP), the upper ocean generally became less oxygenated 
while the deep ocean became more oxygenated.  All 
these changes are driven by a subtle balance between 
decreased oxygen solubility due to warming, increased 
ventilation of the abyssal ocean, shift of organic matter 
respiration rates from the deep to the upper ocean, and 
possibly a global reduction of respiration due to nutrient 
inventory (Jaccard & Gallbraith, 2012).
1.2.2  Formation of a Low Oxygen Zone (LOZ) 
The oxygen concentration realized in waters below the 
surface layer results from the equilibrium between its 
consumption via oxygenated respiration and its renewal 
by ocean circulation. Oxygen consumption processes 
(animal respiration, bacterial degradation of organic 
matter) remove oxygen from the water column. In the 
global ocean, the rate of oxygen consumption is greatest 
near the ocean surface and decreases exponentially with 
depth (Figure 1.2). Most of the respiration of the exported 
production occurs in intermediary waters, between 100-
1000 m, and the fraction of organic matter that reaches 
waters below 2000 m is rather small. Any modification 
of this organic matter flux is expected to impact on the 
vertical distribution of oxygen and oxygen content of the 
deeper waters.  In the coastal ocean, a significant part 
of the surface primary production reaches the bottom 
layer where it is degraded with possibly high oxygen 
consumption rates in the sediment.  
Some regions of the global and coastal ocean below 
the surface are permanently poorly ventilated (e.g. 
intermediate waters of some regions of the tropical 
ocean) or periodically ventilated (e.g. bottom waters 
in coastal systems). In these regions, the oxygen 
concentration reaches such low values that it alters the 
ecosystem and biogeochemical cycles. These regions 
are considered as Low Oxygen Zones (LOZs) and, for 
the global ocean, they are frequently named Oxygen 
Minimum Zones (OMZs). The thresholds below which 
the oxygen deficiency has biological and biogeochemical 
impacts differ in terms of values and reporting units. For 
the biogeochemistry, it is the absence of oxygen that 
alters the biogeochemical cycling of N, P and Fe. The 
oxygen concentration threshold for impacts on living 
Figure 1.3  Global distribution of deoxygenation in the coastal and global ocean (from Breitburg et al., 2018). In the coastal area, more than 500 sites have 
been inventoried with low oxygen conditions while in the open ocean the extent of low oxygen waters amounts to several millions km3. 
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organisms varies somewhat across taxa.  The definition 
of LOZs is based on fixed threshold values, with about 
20 µmol O2 kg
-1 (i.e. ~5% saturation) for OMZs and 
about 61 µmol O2 kg
-1 for coastal LOZs. In extreme 
cases, oxygen can become completely depleted and 
the waters become anoxic and even euxinic when 
hydrogen sulphide, a toxic compound for most marine 
life (except some forms of bacteria), is produced. 
1.3  Global / Regional differences in 
mechanisms 
LOZs can be found in different ecosystems 
encompassing the open ocean, (semi)-enclosed seas, 
the estuary-coastal ocean continuum up to the edge of 
the continental shelf, and upwelling margins (Figure 1.3). 
The basic mechanisms responsible for the formation 
of low oxygen conditions differ across systems (e.g. 
Fennel & Testa, 2018). The configuration of the basin 
(e.g. open versus (semi)-enclosed), its bathymetry, 
and specifics of the land-sea-sediment-atmosphere 
interactions determine the residence time of waters 
and the level of biological production and hence the 
system’s sensitivity to deoxygenation. Basically, low 
oxygen conditions naturally exist in the open ocean in 
regions without unusually high rates of O2 utilization, but 
where the circulation is most sluggish and ventilation 
times are longest. The most poorly ventilated waters 
are found in the subsurface layers (~100 - 1000 m) of 
the Tropical Ocean inside relatively stagnant cyclonic 
gyres that exist north and south of the equator in the 
eastern part of ocean basins (Karstensen et al., 2008). 
These OMZs are permanent features, but their upper 
boundaries are highly dynamic, and the analysis of long 
time series data have shown that their upper boundary 
is extending upward (Stramma et al., 2008). In some 
parts of the Eastern Tropical Pacific, recent observations 
made with sensors with detection limits of a few nM 
reveal the presence of an Anoxic Marine Zone (AMZ) 
between 100 - 500 m inside the OMZs (Tiano et al., 
2014). The absence of oxygen in these AMZs gives 
rise to peculiar microbial processes (Figure 1.4) that are 
described below. 
Similarly, naturally poor ventilation due to restricted 
vertical circulation explains the deficiency of oxygen in 
some enclosed basins, such as the Baltic and Black 
Seas. In areas, like the Black Sea and the Cariaco basin, 
the degradation of organic matter leads to the production 
of a huge pool of hydrogen sulphide, a compound that 
is toxic for most animal life. In the Black Sea case, the 
opening of the Bosphorus strait ~10 000 years ago, 
and the resulting intrusion of the salty Mediterranean 
waters, transformed the basin from a lake to the largest 
euxinic region (4.7x105 km3 of sulphidic waters) in the 
world. Few aerobically-respiring animals are found in the 
waters between 100 m depth and the bottom. 
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Figure 1.4  Succession of respiration processes in oxic and anoxic environments.  In oxygenated waters, only oxic respiration occurs while in anoxic regions 
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The eastern branch of the main anti-cyclonic gyres 
located in both hemispheres in the Atlantic and Pacific 
Oceans leads to the occurrence of major upwelling 
zones along the eastern boundary of the ocean, i.e. 
Eastern Boundary Upwelling Systems (EBUS). These 
upwelling zones are located off Peru-Chile, Namibia, 
California and Senegal.  They bring oxygen depleted 
and high nutrient waters from the open ocean OMZs 
onto the continental shelf. These upwelling zones 
have high levels of primary and secondary production 
that biologically support many of the world’s important 
fisheries. They have very high oxygen consumption rates, 
and this is where the most intense and thick OMZs tend 
to be found. The degradation of the organic material 
consumes unusually large amounts of oxygen and can 
generate severe hypoxia and even anoxia with potential 
detrimental consequences for aerobically respiring living 
organisms. The variability of the oxygen conditions in 
EBUS depends on the intricate interplay between local 
(e.g. local wind mixing versus stratification) and remote 
(e.g. equatorial current) forcing. These, in turn, affect the 
ventilation mechanisms, the productivity of the region 
and the intensity of the upwelling (e.g. Bachèlery et al., 
2015; Bettencourt et al., 2015).
The open ocean OMZs are naturally poorly ventilated 
and climate change is expected to further lower 
ventilation. For instance, in the Black Sea, the depth of 
the oxygenated layer has dramatically decreased from 
140 m in 1955 to 90 m in 2015 (Figure 1.5) very likely 
due to the reduced formation of well oxygenated waters 
in winter (Capet et al., 2016).  
In parallel with the expansion of these naturally 
occurring oxygen deficient areas, anthropogenically-
induced LOZs have also been rapidly increasing (Diaz 
& Rosenberg, 2008) (Figure 1.6). After the 1950s, the 
Haber-Bosh process offered a way to synthetically fix N 
to form ammonia at an industrial scale. This process has 
allowed for the mass production of synthetic fertilizers. 
The Haber-Bosh discovery and the increasing burning 
of fossil fuels have led to anthropogenic sources of 
newly created fixed N becoming two to three times 
larger than natural terrestrial sources resulting in 
substantial changes in the N cycle (Galloway et al., 
2013). For coastal areas with large river inputs, it 
resulted in an increase in the delivery of fixed N by ~30 % 
 from 1970 to 2000 (Seitzinger et al., 2010). Similarly, 
over the same period, dissolved inorganic phosphorus 
also increased by ~30%. This influx of nutrients leads 
to the eutrophication (over-enrichment) of the waters 
in the coastal zone. Eutrophication stimulates primary 
production and, to some extent, can be beneficial to 
fisheries. But if not well managed, eutrophication may 
Figure 1.5  The surface oxygenated layer of the Black Sea has been shrinking from 140 m in 1955, 90 m in 2010-2015 and 72 m in 2016. A) trends of 
oxygen penetration depth deduced from (dots) the analysis of ship-based casts and (blue) ARGO floats. B) trend reconstructed from Argo floats over 2010-
2016 (Figure from Capet et al., 2016).  
A)
B)
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lead to massive development of algae that produce 
large amounts of organic material that sink to the sea 
bed. When bottom waters are not well ventilated (e.g. in 
periods of vertical stratification), the oxygen consumed 
cannot be replaced and this leads to the creation of 
a LOZ. Coastal LOZs result from excessive external 
nutrients inputs from the rivers and once established, 
they are further stimulated by internal nutrients sources 
activated by the deoxygenation process (Figure 
1.7). Indeed, the remobilization of bound P from the 
sediments in anoxic conditions will further aggravate 
the deoxygenation process by releasing P that further 
stimulates primary production. Even after a reduction of 
river nutrients, coastal systems require several years to 
recover because the sediment continues to consume 
large amounts of oxygen and can continue to leach 
out nutrients that accumulated during eutrophication 
(Conley et al., 2009).  
1.4  Trends and impacts
1.4.1  Observations 
The advent of autonomous platforms like Argo floats 
(Figure 1.8) and (wave) gliders has the potential to boost 
our knowledge of oxygen dynamics at the mesoscale 
and even sub-mesoscale (1 to 100 km) (e.g. Pascual 
et al., 2017). Up to now, more than 100 000 oxygen 
profiles have been collected by Argo floats throughout 
the ocean, allowing depiction of the oxygen patterns 
over large areas. The inclusion of Argo oxygen data in 
global climatologies and trend estimation is promising 
but has not been done so far because of oxygen sensor 
calibration and data management issues. 
Oxygen measurements at the very low concentrations 
(< 5 µmol O2 kg
-1) found in some parts of LOZs are 
technically challenging and the historical data at very 
low oxygen concentrations have been often suspect 
(Bianchi et al., 2012). Consequently, estimation of the 
extent and evolution of OMZs with particularly low 
oxygen concentrations at their core (e.g. AMZs) are still 
uncertain. Recent oxygen sensors with detection limits 
as low as a few nanomoles are now available and have 
changed our view of the biogeochemistry of OMZs (Tiano 
et al., 2014). The emergence of these new platforms and 
sensors makes possible the implementation of regional 
and global oxygen observatories targeted towards the 
monitoring and management of the deoxygenation 
process. 
Figure 1.6   Global distribution of systems that have been reported as eutrophication (N and P enrichments)-associated LOZs. Their distribution matches 
the global human footprint (the normalized human influence is expressed as a percentage) in the Northern Hemisphere. For the Southern Hemisphere, 
the occurrence of dead zones is only recently being reported. Affected water bodies range from small coastal lagoons to large systems like the Baltic Sea, 
Black Sea, Kattegat, and East China Sea, and the Northern Gulf of Mexico. It should be noted that low oxygen zones can only be detected where monitoring 
is in place, and the uneven efforts in monitoring and research may contribute to the much higher number of low oxygen areas reported in the northern 
hemisphere (Figure from Diaz & Rosenberg, 2008).
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Figure 1.7  Schematic of the generation of a LOZ in the coastal area. Large nutrients discharges from the rivers stimulate intense primary production that 
sinks to the bottom where it is degraded consuming large amounts of oxygen. When the ventilation is not able to renew the oxygen consumed, a LOZ 
is generated and in extreme cases hydrogen sulphide escapes the sediment. Low oxygen conditions in bottom waters enhance the release of inorganic 
phosphorus that will stimulate primary production and hence feedbacks positively on the oxygen depletion. 
Table 1.1  Oxygen Content and change per basin for the main areas affected by deoxygenation. Synthesis of the information provided by Schmidtko et al. 
(2017)
Basin Oxygen 
decrease 
since 1960 
(Pmol)
Change as 
percentage of 
global change 
(%)
Decrease as 
percentage of 
basin change 
since 1960 (%)
Causes
Global 
ocean
4.8 ± 2.1 Up to 1000 m: solubility plays a major role and explains 50% 
of the oxygen loss.
Below 1000 m: changes in deep water formation and 
thermohaline circulation with natural variability superimposed 
are suggested to explain the oxygen loss. 
North and 
Equatorial 
Pacific 
Ocean 
1.9 ± 0.8 39.9 ± 17.2 3.8 Upper Layer: decline in the formation rates of North Pacific 
Intermediate waters due to warming changes on the time 
scales of Pacific Decadal Oscillation (PDO) are observed
Below 1000 m: no impact of PDO has been found
Southern 
Ocean
0.8 ± 0.2 15.8 ± 4.9 2.1 Decline in deep water formation of Antarctic water masses 
due to changes in thermal buoyancy and in circumpolar wind 
patterns. 
Most pronounced in the Indian and Pacific sectors  in parallel 
to the increase of salinity and temperature of the Antarctic 
Bottom Water of the circumpolar deep water.
South 
Atlantic 
Ocean
0.6 ± 0.1 12.4 ± 2.8 2.7 Reduced ventilation due to meridional overturning changes
affect mainly the entire deep water column between north 
Atlantic deep water and Antarctic bottom water. 
Multi decadal variability. 
Arctic 
Ocean
0.36 ± 0.15 7.6 ± 3.1 7.8 Reduced deep water ventilation due to a freshening and 
warming in the Canada Basin and Beaufort Sea.
Increased consumption by enhanced biological activity due to 
sea ice reduction in summer.
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1.4.2  Trends 
Since the middle of the 20th century, the global and 
coastal ocean have had to face deoxygenation. In the 
global ocean, the oxygen content is decreasing and 
OMZs are expanding while in the coastal ocean, the 
occurrence of bottom LOZs is more and more reported. 
Evidence shows that the oxygen balance in the global 
ocean has been perturbed during the last decades with 
the consequence that the oxygen inventory is globally 
decreasing (e.g. IPCC, 2013; Ito et al., 2017; Schmidtko 
et al., 2017;  Stramma et al., 2008). Observations and 
model simulations agree that the ocean oxygen content 
has decreased by 1-2% since 1960. This decrease is 
not uniform but rather varies across ocean basins and 
depths (Table 1.1). The largest loss is observed at the 
depth of the main thermocline between 100-300 m in 
the Tropical and North Pacific Ocean, the Southern and 
Arctic Ocean and the South Atlantic Ocean (Table 1.1).  
Natural climate fluctuations can substantially contribute 
to the interannual to decadal variation in oxygen and 
can preclude unequivocal detection of any climate 
driven signal. This is particularly the case for the North 
Atlantic and North Pacific regions where the surface 
and subsurface oxygen concentrations are statistically 
linked with the North Atlantic Oscillations (NAO) and 
Pacific Decadal Oscillations (PDO) climate modes 
(Andrews et al., 2013; Duteil et al., 2018; Frölicher 
et al., 2009). Volcanic eruptions are another natural 
forcing that is superimposed onto the anthropogenic 
and internal drivers that govern oxygen variability. 
Volcanic eruptions enhance the amount of oxygen taken 
up by the ocean due to a cooling effect that reduces 
the stratification and increases solubility. The oxygen 
Figure 1.8  A) Deployment of an ARVOR float from the French R/V Pourquoi Pas; B) position of biogeochemical Argo floats in August 2019; C) schematics of an 
Argo profile cycle  (sources: Map JCOMMOPS; photos : http://www.argo.ucsd.edu/pictures.html with courtesy of John Garrett, Skeptical Science for the Argo 
cycle). 
A B
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inventory increases globally in the top 500 m, and this 
increase compensates for part of the human-induced 
decreasing trend in oxygen that follows an eruption 
(Frölicher et al., 2009). The identification of the causes of 
deoxygenation requires extracting the climate signal from 
the natural and internal variability of the ocean system. 
Models, supported by observational data, are essential 
for making this differentiation as, currently, the available 
observations alone do not allow sufficient differentiation 
of the different contributing drivers and signals. 
Global warming is expected to further decrease the 
global ocean oxygen content directly because the 
solubility of oxygen is lower in warmer water (i.e. direct 
thermal effect) and indirectly through changes in ocean 
dynamics (e.g. increased stratification, decreased mixing 
layer subduction, convective mixing and deep-water 
formation, slowdown of the thermohaline circulation) 
that reduce ocean ventilation. These changes have 
affected the balance of the air-sea oxygen flux, reducing 
the amount of oxygen that goes from the atmosphere 
to the ocean and increasing the outgassing of oxygen 
from the ocean. A reduction of deep-water formation 
will affect the whole ocean after decades to hundreds 
of years (dependent on depth). These changes may also 
have an impact on key biogeochemical processes and 
hence the local production-consumption of oxygen in a 
way that is still not clearly understood. For the same level 
of global photosynthesis and respiration, the increased 
stratification reinforces the decoupling between 
the oxygen oversaturated surface waters and the 
undersaturated subsurface waters. This strengthened 
decoupling increases the outgassing of oxygen. 
Observations and modelling have been combined in 
order to determine the relative importance of these 
different mechanisms and how they have affected the 
oxygen dynamics of different ocean basins. Clearly, the 
different layers of the ocean respond to global warming 
with different time scales; the surface layer responding 
after just a few years, whilst the intermediate layers and 
the deep ocean adjust to surface conditions on 10 to 
120 years (Karstensen et al., 2008) and millennial time 
scales, respectively. In addition, the mechanisms of 
deoxygenation differ regionally and in particular differ 
vertically within a system. Over the first 1000 m of the 
water column, ~50% of the oxygen loss can be attributed 
to solubility change, while below 1000 m, changes 
in ocean circulation and deep-water formations with 
natural variability superimposed explain the oxygen loss. 
Globally, it has been shown that the direct thermal effect 
can only explain a limited fraction (~15%) of the oxygen 
decrease observed globally; the remaining part being 
imparted to indirect effects (Schmidtko et al., 2017).
Diaz and Rosenberg (2008) classified systems affected 
by oxygen deficiency according to the frequency of 
occurrence and duration of their low oxygen events. 
They found that since the 1960s the number of reported 
coastal LOZs has approximately doubled every ten 
years from ~25 in 1960 up to ~400 in 2007. Coastal 
LOZs exhibit different types of dynamics in response to 
the local aspects of primary production, stratification 
and mixing. Episodic events, with infrequent oxygen 
depletion (i.e. less than one event per year as defined 
by Diaz and Rosenberg, 2008), represent ~17% of 
the reported coastal LOZs and are the first signal that 
a region may potentially be shifting towards higher 
frequency oxygen deficiency. In small systems (e.g. 
river-estuary, bay, lagoon, inlet), oxygen depletion 
may appear several times per year lasting from a few 
hours to days or weeks. In these systems (~25%), 
local weather events and the periodic spring-neap-tidal 
cycles govern the variability of the primary production 
and the alternation between stratification and mixing 
periods. Low oxygen in about 50% of the reported 
LOZs occurs seasonally in summer-autumn when the 
seasonal thermocline or pycnocline is established and 
prevents the ventilation of bottom waters. The oxygen 
consumed by the degradation of the spring algal bloom 
cannot be replaced and a LOZ is generated in the 
benthic boundary layer. In systems prone to permanent 
stratification (8%), a persistent LOZ develops.  
1.4.3  Projecting deoxygenation
Robust model projections under various scenarios of 
changes are needed for the global and coastal ocean 
in order to test in advance the potential impacts of 
mitigation strategies. The projection and forecasting of 
deoxygenation are based on state-of-the-art models 
that couple the physics and biogeochemistry, interact 
with the atmosphere and, in the coastal ocean, are 
linked with the land and the sediments. Mechanistic 
models are powerful tools to understand the underlying 
processes operating and to be able to then differentiate 
the causes of the oxygen decrease. While models used 
for projecting deoxygenation in the global and coastal 
ocean are quite similar in terms of formulations, their 
resolution in space and time, required accuracy, horizon 
of projections, and scenarios differ. A climate approach, 
with long term projections up to the end of the 21st 
century under global change scenarios, is needed for 
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 1the global ocean. Conversely, for the coastal ocean, 
a weather-based approach with medium to short 
term projections and forecasting is more appropriate: 
medium term projections (< 20 years) can support the 
implementation of regional river nutrients management 
strategies while, the setting up of a warning system, 
would require the implementation of an operational 
framework delivering near real time forecasts with a high 
accuracy. 
Global models are able to reproduce the observed 
decline in the global oceanic oxygen inventory since 
1960. Yet, they are not able to represent the spatial 
(region-specific) patterns of decrease and, in particular, 
the observed decline in the tropical thermocline. For 
the 21st century, an ensemble of models consistently 
predicts that continued global warming will worsen 
deoxygenation in the surface and deep ocean under 
the high mitigation (RCP 2.6) and business as usual 
(RCP 8.5) scenarios, with decrease of the global oxygen 
inventory of 1.81 ± 0.31 and 3.45 ± 0.44% , respectively 
(Bopp et al., 2013). Yet, there is still little agreement in the 
simulated spatial distribution of low oxygen areas with 
concentrations less than 100 µmol O2 kg
-1 (Cabre et al., 
2015). This uncertainty limits our ability to reliably predict 
the impact of climate warming on the open-ocean 
OMZs and hence on oxygen sensitive biogeochemical 
processes including the N budget. The predictive skill 
of coarse resolution ocean models at low latitudes is 
limited by the need to resolve zonal currents thought to 
be important in supplying oxygen into the tropical OMZs 
(Brandt et al., 2010; Keeling et al., 2010; Stramma et 
al., 2010). 
Looking at a longer time horizon; by 2150, the 
decreasing oxygen trend projected up to 2100 for 
the tropical intermediate (200-1000 m) reverses. The 
volume of OMZ is projected to shrink through 2300 with 
consequences on the N budget through a reduction 
of denitrification. This may potentially have important 
climate feedbacks through the reduced production and 
emission of N2O to the atmosphere (Fu et al., 2018). 
Model simulations show that the causes for this oxygen 
increase are a reduction of export production combined 
with an intensified ventilation after 2200.  Fu et al. (2018) 
suggest that at the end of the 21st century the projected 
expanding tropical OMZs do not reach a steady state 
but rather are in transition towards volume reduction.  
Projecting oxygen levels in individual coastal water 
bodies requires modelling the variability of the ventilation 
and primary production from hours to weeks in 
response to changing river discharges (e.g. fresh 
water, inorganic nutrients, suspended particles), local 
weather conditions (e.g. wind storms, flooding events, 
heat waves), interactions with offshore (e.g. advection, 
upwelling), oxygen consumption in the sediments, and 
possibly the influence of the spring-neap tidal cycle. 
Coastal and regional models have the ability to represent 
the oxygen dynamics at monthly to weekly time scales 
but their performances can be hampered by the quality 
of their boundary conditions, mainly river discharges 
and atmospheric forcing that do not have the required 
spatial and temporal resolutions. Coastal models are 
progressively evolving towards a structure that allows 
a seamless coupling of the river-estuary-coastal ocean 
continuum. This will offer an improved quantification of 
the export of nutrients, and, in particular of N and P, 
along the river-ocean dimension. 
The mitigation of coastal deoxygenation requires the 
implementation of effective nutrient reduction strategies 
based on a dual reduction of N and P to control the level 
of eutrophication (Conley et al., 2009). The economic 
costs associated with the reduction of anthropogenic 
nutrients is substantial and thus it is crucial that the 
level of reduction in a given coastal system be based 
on a deep comprehension of the processes governing 
oxygen dynamics and the likely ecological benefits. 
Over the last decades, regional action plans have 
been implemented in order to reduce the amount of 
nutrients discharged to the coastal zone through better 
wastewater treatment and other best management 
practices.  However, to date, the positive effects are 
not always as expected and some regions remain 
far from reaching their nutrient reduction targets as 
positive feedback mechanisms (i.e. enhanced release 
of iron-bound phosphate in low oxygen conditions) and 
sediment inertia continue to emit nutrients for several 
years after reduction (e.g. Capet et al., 2013; Conley, 
2012; Rabalais et al., 2010). Even when the nutrients 
level returns to a reference state, some systems may not 
return to their initial reference but rather may go to a new 
ecological state due to the non-linearity of living systems 
(Duarte et al., 2009). 
Nutrient management in agriculture, the reduction of P 
detergent, and the increasing connections of people to 
sewage plants with high levels of treatment will control 
the amount of river export of fixed N and dissolved 
inorganic P (Seitzinger et al., 2010). Based on four 
scenarios of socio-economic development and using 
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an indicator of coastal eutrophication potential (Billen & 
Garnier, 2007), Seitzinger et al. (2010) estimate that risk 
for coastal eutrophication in many regions of the world 
until at least 2030 will likely continue due to the increase 
in inorganic P and N and changes in the nutrient ratios of 
river exports. Warming is expected to further exacerbate 
the deoxygenation issue by intensifying respiration and 
reducing the ventilation process due to a reduced 
solubility and stronger, prolonged stratification. 
1.4.4   Impacts
1.4.4.1  Impact on biogeochemistry and 
biogeochemical feedbacks 
The transition to anaerobic conditions induces major 
changes in the biogeochemical cycling of essential 
elements like N, P and Fe in the water column and in 
the underlying sediments. Some of these modifications 
will further the deoxygenation process as positive 
feedback loops may establish and stimulate further 
oxygen consumption. Special microbial processes start 
to operate, such as anaerobic remineralization of organic 
matter by denitrification and anaerobic ammonium 
oxidation (anammox), leading to formation of dinitrogen 
gas N2 (a component that is largely inaccessible for 
most organisms) and a net loss of bioavailable N in the 
ocean. Nitrous oxide (N2O), a potent greenhouse gas, 
is formed as a byproduct during nitrification and as 
an intermediate product during denitrification (Bange, 
2006). Because the oxygen thresholds that govern the 
microbial pathways to N2O are not precisely known, the 
role of OMZs in the marine N2O budget is debatable. In 
a warming world, the sign of change of the N2O budget 
(e.g. Bianchi et al., 2012; Martinez et al., 2015) and the 
sign of the air-sea flux of N2O are uncertain, as increased 
stratification is expected to prevent N2O from reaching 
the surface ocean and escaping to the atmosphere 
(Martinez et al., 2015).  
Estimates of the total loss of bioavailable N from the 
open ocean is currently estimated to be 0.005-0.006 
Pmol N yr-1 from the water column, and 0.01-0.02 
Pmol N yr-1 from sediments (Somes et al., 2013). 
Analysis and modelling of global benthic data also 
indicate that denitrification in sediments underlying 
high nutrient-low oxygen areas such as OMZs remove 
around three times as much N per unit of C deposited 
as sediments underlying highly oxygenated water, and 
account for approximately 10% (i.e. 0.001 Pmol N yr-1) 
of global benthic denitrification (Bohlen et al., 2012). 
The amount of this loss is significant in regards to 
the inventory of fixed N (~ 300 Pmol,) and if not 
compensated for by other sources, has the potential 
to affect the content of bioavailable N over a time scale 
of ~10 000 yrs (Gruber, 2016). It is not yet known 
whether the recently inferred quadrupling of oxygen-
deficient waters (Schmidtko et al., 2017) has been 
accompanied by a corresponding increase in anaerobic 
remineralization and denitrification. In oxic conditions, 
Fe and P can be adsorbed on particles in the sediment 
and onto sinking marine aggregates. With the onset of 
oxygen deficient conditions, the P bound to Fe oxides 
is generally remobilized and released to the overlying 
water, where it has the potential to stimulate primary 
production and hence further the oxygen deficiency. 
Oxygen deficient regions are enriched in iron and, 
based on the Redfield ratio, have an excess of P relative 
to N. These conditions are expected to be favourable 
for the fixation of N2 by photosynthetic bacteria (e.g. 
Prochloroccocus, Synechococcus) that produce fixed 
N and that can potentially compensate for the loss of 
fixed N by denitrification and anammox. The feedbacks 
that link N loss and N fixation remain enigmatic. It is not 
yet known whether, on what time scales and to what 
extent global rates of N fixation respond to changes 
in N loss processes that are likely associated with 
ongoing deoxygenation (Deutsch et al., 2007; Knapp 
et al., 2016; Landolfi et al., 2013). 
1.4.4.2  Impact on living organisms
At 100% saturation, the amount of oxygen available 
in one litre of water is ~35 times less than that in an 
equivalent volume of air. This means that in order for a 
marine animal to extract the same amount of oxygen 
in support of metabolism, the organism must pass 35 
times more volume of medium across their gas exchange 
surfaces (gills vs lungs) or have to be much more 
efficient in taking up oxygen than terrestrial organisms. 
Critical physiological processes like respiration depend 
on the flux of oxygen into marine organisms (Seibel, 
2011). This flux is governed by the gradient in oxygen 
partial pressure (pO2) across membranes and tissues. 
Because pO2 incorporates the effects of temperature, 
salinity and hydrostatic pressure into one single number, 
pO2 thresholds are expected to be universally applicable 
(Hofmann et al., 2011; Seibel, 2011). Currently, most of 
the experiments (e.g. Davidson et al., 2016; Stevens & 
Gobler, 2018; Vasquer & Duarte, 2008) have addressed 
the effect of O2 concentrations (rather than pO2) on 
living organisms.  An absolute pO2 threshold below 
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determined. 
Contrary to pO2, oxygen concentrations do not 
incorporate the effect of temperature, salinity and 
hydrostatic pressure. Consequently, species living 
in open ocean permanent OMZs do not have the 
same oxygen concentration thresholds as species 
experiencing seasonal oxygen depletion in the 
warmer coastal ecosystems (Hofmann et al., 2011). 
Nevertheless, a comparative analysis of experimentally 
derived oxygen concentration thresholds for benthic 
organisms shows that there is no one single oxygen 
concentration threshold but rather that this threshold 
value can exhibit significant variability when viewed 
across the high diversity of taxa found in the oceans. 
This analysis predicts that, as oxygen declines, the 
sequence of losses of benthic fauna during a low oxygen 
event should be initiated by the loss of fish, followed by 
crustaceans, then worms, echinoderms, and molluscs 
(Vasquer & Duarte, 2008).
These differences reflect differences in taxa traits 
describing their ability to adapt and to escape, such 
as mobility, life cycle dynamics, physiological tolerance, 
and metabolic adaptation over hours to days (e.g. 
reduced activity, lowered heartbeat rate, shift to 
anaerobic metabolism) (e.g. Vasquer & Duarte, 2008). 
Species inhabiting the permanent open ocean OMZs 
have evolved to be adapted to these low oxygen 
concentrations; an example is the vampire squid (Figure 
1.9) living off California with oxygen levels below 15 
µmol O2 kg
-1 (Seibel et al., 1999). 
1.5  Ecosystem consequences: The challenge 
of scaling up from species to ecosystem
The development and extension of low oxygen areas 
degrade the living conditions and vertically contract 
the metabolically viable habitat for a large number 
of living species. It alters marine ecosystems and 
biogeochemical cycles by shifting the spatial distribution 
of species, altering trophic relationships by favouring 
low-oxygen tolerant species including invasive species 
and microbes, and excluding sensitive species with, 
in the case of severe oxygen deficiency, increased 
mortality of the most sensitive ones (Hofmann et al., 
2011). Exposure of animals to low oxygen can induce 
movement (avoidance), reduce survival and growth, 
alter behaviour and prey-predator interactions, impair 
Figure 1.9  Vampire squid, Vampyroteuthis infernalis, recovered  from 700 m depth off the coast of southern California.  This species possesses specific 
physiological adaptations that enable them to survive in the extreme, persistent hypoxia of the oxygen minimum layer. (Seibel et al., 1999, Photograph taken 
by B. Seibel).
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reproduction, trigger epigenetic changes, disrupt life 
cycles, and cause mortality (Breitburg et al., 2018). 
Mobile species that have the capability to avoid low 
oxygen waters by swimming or crawling away may 
escape low oxygen conditions and accumulate in well 
oxygenated waters. They may become more vulnerable 
to fishers targeting these high oxygen refuge areas. 
Although short-term economic benefits may result, 
there is concern that these strategies can contribute to 
misinformed management, and potentially contribute 
to over-harvesting of affected stocks both in coastal 
areas (Craig & Bosman, 2013) and the open ocean 
(Stramma et al., 2012). For instance, observations 
show that the vertical expansion of the OMZs in the 
tropical north-east Atlantic restricts the migration 
depth of billfishes and tunas to a narrower surface 
layer, potentially increasing their vulnerability to surface 
fishing gear and distorting information used in fisheries 
management that could lead to over-harvesting 
(Stramma et al., 2012).  This reduction of the migration 
depth of these fishes can be due to a reduction of their 
habitat or that of their prey due to the expansion of 
OMZs. In coastal areas, hypoxia modifies the structure 
of the benthos and may affect the bioturbating/bio-
irrigating activities of the macrofauna with feedbacks 
on the biogeochemistry of the coastal waters that are 
not yet well understood.  
The extrapolation to marine habitats of results from 
laboratory controlled-experiments is not direct for several 
reasons. For instance, the coastal LOZ is often associated 
with a high level of productivity (via eutrophication or 
upwelling) that can be beneficial for marine animals 
and partially compensate for the detrimental effects of 
low oxygen. Oxygen concentrations in the field are not 
constant but vary in response to potential intermittent 
mixing events, oxygen consumption and production 
from living  communities. Multiple stressors like warming, 
deoxygenation and acidification can interact and 
generate synergistic or antagonistic effects that affect 
the isolation and detectability of oxygen effects (Vasquer 
& Duarte, 2008). Also, the description of the impact of 
low oxygen conditions at the scale of the ecosystem 
is mostly qualitative and speculative. The scaling-up of 
information obtained in the laboratory at species level 
to robust quantitative information at the level of the 
ecosystem (~ several hundreds of kilometres) requires 
the development of a suite of advanced methodologies. 
Data analysis and simulation models provide maps of 
oxygen values, and appropriate transfer functions have 
to be devised in order to translate the consequences 
of a LOZ on ecosystem functions. If appropriately 
parameterized, high trophic levels models can make 
the link with fisheries. For the biogeochemistry, some 
important parameterizations are still missing (e.g. 
N-fixation, N2O pathways) as well as the impact of 
oxygen deficiencies on living organisms that mediate 
biogeochemical cycling (e.g. in the benthic ecosystem). 
The transfer of information on the environment provided 
by numerical models that basically address the low 
trophic levels up to the ecosystem faces several 
limitations. These include the limited capabilities of 
current models to simulate low oxygen values (< 20 
µM), their rather coarse resolution (~ >1 km), the 
choice of the appropriate indicator of oxygen deficiency 
(concentration versus pO2, duration of the event), the 
presence of other stressors (e.g. warming, acidification) 
that are expected to affect the lethal oxygen threshold 
(Vaquer-Sunyer & Duarte, 2008).  
1.6  Ecosystem services consequences 
Deoxygenation effects on ecosystem services are well 
documented in several areas and suggestive but not 
well quantified in many other possible pathways. This 
is partly due to the dynamic and localized aspects of 
deoxygenation, and also because of the difficulty in 
isolating oxygen effects from the effects of other co-
varying stressors such as temperature and acidification. 
The challenges in isolating and quantifying the ecological 
effects of low oxygen (and consequently its effects 
on ecosystem services) should not be misinterpreted 
as all effects are small; effects of low oxygen can be 
important but hidden with other stressors and may be 
very important episodically. 
Ecosystem services are typically divided into four 
categories: Provisioning (e.g. food, fresh water), Cultural 
(aesthetic, spiritual, education), Regulating (e.g. disease, 
biodiversity, water purification), and Supporting (e.g. 
productivity, nutrient cycling).  Provisioning services have 
received significant attention to date, with a focus on 
deoxygenation effects on fisheries.  Modelling analyses 
of fisheries demonstrate that in those situations when 
hypoxia alone may have small to moderate population-
level effects on biomass of fish and shellfish available 
for harvest, the effects become large or amplified when 
hypoxia is combined with other stressors. A prevalent 
effect of deoxygenation is changes in fishing locations 
in response to fine-scale distribution changes due to 
hypoxia that affect the catchability and bio-economics 
of fishing.  Catchabilities are relied upon for effective 
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can result in ill-informed management analyses and 
incorrect harvesting advice.
Cultural services are an understudied area in ecosystem 
services in general.  Spiritual, therapeutic, and 
aesthetic values remain difficult to quantify. One area of 
deoxygenation effects on cultural services is related to 
fisheries and is when deoxygenation, often in tandem 
with other stressors, affects traditional harvests of fish 
or shellfish used by indigenous peoples for spiritual 
purposes (Lynn et al., 2013). The potential for loss 
of valuable cultural services is illustrated by a recent 
bioeconomic analysis for the Chesapeake Bay.  The 
loss was illustrated by showing the economic benefits 
that would result from improving water quality from 
today’s conditions. The focus was on how management 
actions would lead to improved water quality that would 
result in increased recreational activities. Massey et 
al. (2017) roughly estimated that if the management 
targets on water quality were realized the benefits (in 
dollars) of improved water quality (including, but not 
limited to, higher oxygen) attributed to recreational 
use outside of fishing can be on the order of hundreds 
of millions of dollars annually. While this analysis is 
not a straightforward assessment of the impact of 
deoxygenation effects on cultural services, the results 
suggest that such assessments should be pursued.   
The negative effects of deoxygenation on key regulating 
and supporting services continue to be areas of 
intense investigation. Alterations of benthic diversity 
and community structure (regulating services) due 
to low oxygen have been well documented (Diaz & 
Rosenberg, 2001; Levin et al., 2009). Another likely 
pathway is the loss of coral and seagrass cover due 
to low oxygen decreasing erosion control and water 
purification. How low oxygen affects the supporting 
services aspects of ecosystem services in terms of 
changes to biogeochemical cycling and the magnitude 
and food web pathways of productivity in coastal and 
open ocean ecosystems is becoming clearer but still 
further studies are required before generalizations can 
be made (Shepherd et al., 2017).  
As ecology, economics, and social sciences continue 
to merge into integrated, coupled, natural and 
human systems analyses (Liu et al., 2007, 2015), 
the quantification of how deoxygenation and other 
environmental stressors affect ecosystem services will 
become more common.
1.7  Conclusions / Recommendations  
Since about 1960, ocean deoxygenation has been 
occurring in the global and coastal ocean and is expected 
to worsen in a warming world with consequences for 
living organisms and on regional and global budgets of 
essential elements. 
Better understanding of the deoxygenation process 
can be achieved by access to accurate observations 
and to furthering the reliability and coupling capabilities 
of physical, biogeochemical, plankton and benthic 
foodwebs, and upper trophic level models. Rapid 
advancement is being made in each of the modelling 
types, as well as in how best to couple them, in order 
to generate “climate to fish” models (Rose et al., 2010) 
that include oxygen effects.  A regular monitoring of 
the state of the ocean with respect to oxygen based 
on observations and modelling offers new knowledge 
on the fundamental processes like global circulation, 
photosynthesis, respiration and interactions with the 
atmosphere. Keeling and Manning (2014) found that a 
better estimation of the oxygen air-sea flux would offer 
a better estimation of the Earth carbon budget of the 
order of 0.5 Pg C yr-1. Indeed, the recent understanding 
that the air-sea flux of oxygen is probably not balanced, 
but rather reveals a net outgassing of oxygen from the 
ocean to the atmosphere leads to a revision of the global 
carbon budget and, in particular, the partitioning of the 
ocean and land carbon sinks. 
Oxygen maps (climatologies) are regularly produced for 
the global ocean based essentially on ship-based data 
(e.g.  Schmidtko et al., 2017; Stramma et al., 2008). 
Once quality checked, the oxygen time series delivered 
by Argo floats have the potential to enhance these 
climatologies by providing a high frequency signal. The 
lack of openly available oxygen data from the coastal 
ocean in a centralized database prevents a similar 
global mapping of oxygen for the coastal ocean. This 
would be needed in order to update the inventory of 
Diaz and Rosenberg (2008) and to reassess the state of 
deoxygenation in coastal waters.  
The success of combating deoxygenation relies on our 
capacity to understand and anticipate its consequences 
in an environment affected by local, regional, and global 
processes. State-of-the-art models have capabilities 
to simulate the deoxygenation process in the global 
and coastal ocean, and their parameterizations and 
formulations should continuously evolve based on 
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new knowledge.  Model development needs new 
observations and dedicated experiments, in particular 
in low oxygen and anoxic waters that are particularly 
challenging to measure and to model.  Oxygen levels 
act as a “switch” for nutrient cycling and availability. The 
detailed nature of these thresholds and their ecological 
and biogeochemical implications are still a matter of 
intense scientific investigation. 
For both the global and coastal ocean, an estimation of 
the uncertainty that accompanies projections of mean 
state is critical for management purposes. With this 
aim, ensemble approaches combining the projections 
of various models are promising, especially for the 
global ocean (e.g. Bopp et al., 2013); a similar process 
is emerging for the regional ocean as well (Meier et 
al., 2011).  International platforms and programmes 
like IPCC (Intergovernmental Panel for Climate 
Change), IPBES (Intergovernmental Science-Policy 
Platform on Biodiversity and Ecosystem Services ), the 
WCRP (World Climate Research Programme) CMIP 
(Coupled Model Intercomparison Project) project 
and the European Copernicus Marine Environment 
Service (CMEMS) promote the capacity to produce 
and evaluate ecological forecasts and long-term 
projections. Evidence has shown that the evolution 
of the oxygen levels is not a straightforward function 
of temperature but rather depends on the subtle 
interactions between physical and biogeochemical 
mechanisms whose balance can evolve in answer 
to anthropogenic forcings and over time scales of 
centuries (e.g. Jaccard & Gallbraith, 2012).  
An enhanced understanding of the long-term response 
to climate warming of oxygen supply versus demand 
since the industrial revolution would improve our 
capabilities to project future changes (e.g. Deutsch et 
al., 2014).
A process that engages a dialogue between 
decision makers and scientists is necessary to foster 
communication between the two communities and 
to assure the saliency of model projections. Recently, 
IOC-UNESCO established the Global Ocean Oxygen 
Network (GO2NE), a global network of ocean oxygen 
scientists, including experimentalists, modellers and 
field scientists, to promote scientific collaboration and 
public outreach (e.g. Breitburg et al., 2018).
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“The decline in the oceanic oxygen content can 
affect ocean nutrient cycles and the marine habitat, 
with potentially detrimental consequences for 
fisheries, ecosystems and coastal economies.“
Chapter 2.1 authors
